Abstract: 21-4N is a typical heat resistant steel used as the material of exhaust valves. The application of cross wedge rolling to manufacture preform for valves has the advantages of higher efficiency and better quality. In this study, cross wedge rolling of 21-4N with an area reduction ratio of 65% was experimentally studied. Twelve groups of different tool parameters of cross wedge rolling tests were carried out. It is found that a larger stretching angle or a smaller forming angle is better for surface quality. When the stretching angle is 7 • and the forming angle is less than 25 • , a smooth surface can be obtained. Furthermore, the influence of stretching angle on central quality is not obvious, but a greater forming angle is prone to get a better central quality. When the forming angle is larger than 30 • , no central damage was found in the workpieces. Considering the balance of surface quality and central quality, a stretching angle of 7 • and a forming angle of 30 • is a suitable combination for cross wedge rolling of 21-4N with an area reduction ratio of 65%.
Introduction
The valve is one of the key parts used in diesel engines. It works under a corrosive environment with high temperatures and high pressure. Usually, austenitic alloy and superalloys are used for exhaust valves [1] . 21-4N is a typical heat resistant steel used as a material for exhaust valves in the automobile industry. It has good properties of tensile strength, yield strength, wear resistance and corrosion resistance. Traditionally, valves are formed by electric upsetting and forging. In this process, electric upsetting is used to manufacture the preform for forging. But some defects can easily occur during electric upsetting such as coarse grain, overheating, overlap and cracking [2, 3] . In recent years, a team in the University of Science and Technology Beijing (USTB) proposed a new method to produce the preform of valves by cross wedge rolling (CWR), which has higher production efficiency and better control of product quality [4] [5] [6] .
Cross wedge rolling is an advanced metal forming technology, which has many merits, such as high productivity, high forming precision and good quality [7] . Pater introduced an optimization method for the designing of the tools to be used in the cross wedge rolling process [8] . Li and Lovell established a failure criterion in cross wedge rolling [9] and presented several industrial examples to demonstrate the feasibility and efficiency of the CWR process [10] . Wang et al. established a simulation model for two-roll cross wedge rolling by using the three-dimensional rigid-plastic finite element method [11] . Pater used the CWR process to produce toothed shafts, eccentric step and ball studs [12] [13] [14] , respectively. Peng studied the 42CrMo/Q235 laminated shaft forming by CWR and analyzed the interface properties [15] [16] [17] . Metin experimentally and numerically studied the deformation and failure of cross wedge rolling of a Ti6Al4V alloy [18] . Li et al. researched the effects of cross wedge rolling parameters on the formability of a Ti-6Al-4V alloy [19] . Shu investigated the closure laws of void in the core of a cross wedge rolling shaft and studied a close-open cross wedge rolling process [20] [21] [22] . Yang et al. studied the micro-mechanism of central damage formation during cross wedge rolling [23] . These published studies of CWR mostly focus on low alloy steel and light alloy. Usually, austenitic steel has poor plasticity. Egea et al. [24, 25] introduced electropulses to enhance the formability of 308L with wires drawn, and studied the mechanical and metallurgical changes during the process. Zheng et al. [26] studied the high temperature compression behavior of 21-4N valve steel in hot working process. In this paper, cross wedge rolling of heat resistant alloy 21-4N was experimentally studied, and the effects of the stretching angle and forming angle on forming quality were discussed.
Design of CWR Process
A CWR process is illustrated in Figure 1 , which consists of three zones: a knifing zone, stretching zone, and sizing zone. The basic parameters of CWR are forming angle α, stretching angle β, area reduction ratio ψ and the rolling temperature. Usually, the area reduction ratio ψ is fixed by the product and the rolling temperature is decided by the material properties. Therefore, the proper forming angle and stretching angle are needed be chosen to guarantee the forming quality of the product. closure laws of void in the core of a cross wedge rolling shaft and studied a close-open cross wedge rolling process [20] [21] [22] . Yang et al. studied the micro-mechanism of central damage formation during cross wedge rolling [23] . These published studies of CWR mostly focus on low alloy steel and light alloy. Usually, austenitic steel has poor plasticity. Egea et al. [24, 25] introduced electropulses to enhance the formability of 308L with wires drawn, and studied the mechanical and metallurgical changes during the process. Zheng et al. [26] studied the high temperature compression behavior of 21-4N valve steel in hot working process. In this paper, cross wedge rolling of heat resistant alloy 21-4N was experimentally studied, and the effects of the stretching angle and forming angle on forming quality were discussed.
A CWR process is illustrated in Figure 1 , which consists of three zones: a knifing zone, stretching zone, and sizing zone. The basic parameters of CWR are forming angle α, stretching angle β, area reduction ratio ψ and the rolling temperature. Usually, the area reduction ratio ψ is fixed by the product and the rolling temperature is decided by the material properties. Therefore, the proper forming angle and stretching angle are needed be chosen to guarantee the forming quality of the product. In the CWR process, billet rotates under the effect of wedge type rollers. At the same time, the billet is compressed in the radial direction and stretched in the axial direction. As such, the choose of forming angle and stretch angle should firstly meet the rotation condition [27] :
where m is the number of rollers, D is the roller's diameter, d is the billet's diameter, dk is the rotation diameter, and μ is the friction coefficient. In the CWR process, billet rotates under the effect of wedge type rollers. At the same time, the billet is compressed in the radial direction and stretched in the axial direction. As such, the choose of forming angle and stretch angle should firstly meet the rotation condition [27] :
where m is the number of rollers, D is the roller's diameter, d is the billet's diameter, d k is the rotation diameter, and µ is the friction coefficient. 
Experiments and Results

Experiments Conditions
The rolling experiments were carried out using a H500 mill (USTB, Beijing, China) at the University of Science and Technology Beijing, China, as shown in Figure 2 . The main technical parameters of the H500 mill are listed in Table 1 . The raw material 21-4N was supplied by Bao Steel, Shanghai, China. The chemical composition of the 21-4N is listed in Table 2 , and the tensile strength of 21-4N is listed in Table 3 .
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In the industrial practice, the forming angle is usually chosen in the range of 18-34°, and the stretching angle is chosen between 4 and 12°. In this study, a 21-4N bar with a diameter of 25 mm was rolled to form a single step with a diameter of 14.8 mm and length of 90 mm. The area reduction ratio of the step is 65%. A full permutation of forming angle (20°, 25°, 30°, 35°) and stretching angle (3°, 5°, 7°) was arranged to investigate the forming possibility of 21-4N by CWR.
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In the study, the 21-4N billet is firstly heated to 1100 °C in an electric tube furnace, and then immediately transferred to the H500 mill for rolling. Surface quality and central quality are checked 
In the study, the 21-4N billet is firstly heated to 1100 • C in an electric tube furnace, and then immediately transferred to the H500 mill for rolling. Surface quality and central quality are checked and the results at various roller parameters are listed in Table 4 . Some acquired parts are presented in Figure 3 . and the results at various roller parameters are listed in Table 4 . Some acquired parts are presented in Figure 3 . 
Discussion
Surface Quality
Surface quality is a main consideration of the CWR product. Once the area reduction ratio and the rolling temperature are fixed, surface quality is affected by the stretching angle and forming angle. Dimensional uniformity is chosen as an evaluation indicator of surface quality in this study. Diameters at 9 positions are measured, as shown in Figure 4 , each of the two positions is adjacent to 10 mm, and the position 5 is at the symmetry plane. 
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Surface quality is a main consideration of the CWR product. Once the area reduction ratio and the rolling temperature are fixed, surface quality is affected by the stretching angle and forming angle. Dimensional uniformity is chosen as an evaluation indicator of surface quality in this study. Diameters at 9 positions are measured, as shown in Figure 4 , each of the two positions is adjacent to 10 mm, and the position 5 is at the symmetry plane. When the forming angle was kept the same, diameters variations are more serious at a smaller stretching angle, as shown in Figure 5 . With the forming angle of 25 • , the maximum difference of the measured diameters is 1.48 mm at stretch angle of 3 • , but at the stretch angle of 7 • , the maximum difference decreased to 0.1 mm. This diameter difference was due to necking. The necking can be predicted by the equation: F a ≤ πd 2 σ 4 , where F a is the total axial force, d is the diameter after rolling, and σ is the yield stress of the material rolled. However, because of the complexity of the deformation zone geometry and the deformation mechanism, the theoretical analysis of the CWR process is difficult [28] . In this study, for simplicity, the acting force F was divided into two parts, one is affected by stretching angle F β and the other is affected by the forming angle F a . From the view of stretching angle, the acting force F β on the billet can be decomposed to axial force F βa and tangential force F βt , where F βa = F β cos β. When the stretching angle β is smaller, the axial force F βa is larger. In the research of Peng et al. [29] , the total axial force was affected by the stretching angle β, and the value decreased linearly with the increase of stretching angle. As such, a greater stretching angle leads to a smaller axial force. The axial force can promote the axial flow of the metal, so the axial flow is more sufficient with larger axial force. But a heavier axial force may cause necking and the diameters after rolling were decreased. Therefore, a larger stretching angle is better for diameter uniformity. When the forming angle was kept the same, diameters variations are more serious at a smaller stretching angle, as shown in Figure 5 . With the forming angle of 25°, the maximum difference of the measured diameters is 1.48 mm at stretch angle of 3°, but at the stretch angle of 7°, the maximum difference decreased to 0.1 mm. This diameter difference was due to necking. The necking can be predicted by the equation:
, where a F is the total axial force, d is the diameter after rolling, and σ is the yield stress of the material rolled. However, because of the complexity of the deformation zone geometry and the deformation mechanism, the theoretical analysis of the CWR process is difficult [28] . In this study, for simplicity, the acting force F was divided into two parts, one is affected by stretching angle β F and the other is affected by the forming angle a F . From the view of stretching angle, the acting force β F on the billet can be decomposed to axial force βa F and tangential force βt F , where β β cosβ a F F = . When the stretching angle β is smaller, the axial force βa F is larger. In the research of Peng et al. [29] , the total axial force was affected by the stretching angle β , and the value decreased linearly with the increase of stretching angle. As such, a greater stretching angle leads to a smaller axial force. The axial force can promote the axial flow of the metal, so the axial flow is more sufficient with larger axial force. But a heavier axial force may cause necking and the diameters after rolling were decreased. Therefore, a larger stretching angle is better for diameter uniformity. When the stretching angles were the same, diameters at larger forming angle experienced more serious changes, as illustrated in Figure 3 ; Figure 6 . From the view of forming angle, for simplicity, the acting force α F can be divided into axial force αa F and radial force αr F , where the axial force
The axial force αa F is larger at a larger forming angle. Similar conclusion was presented in Hu's study [27] . As such, when the forming angle is 35°, the rolled parts showed a slight necking, and the maximum diameters difference was 1.02 mm. Therefore, a smaller forming angle is beneficial to the uniformity of diameters. When the stretching angles were the same, diameters at larger forming angle experienced more serious changes, as illustrated in Figure 3 ; Figure 6 . From the view of forming angle, for simplicity, the acting force F α can be divided into axial force F αa and radial force F αr , where the axial force F αa = F α sin α. The axial force F αa is larger at a larger forming angle. Similar conclusion was presented in Hu's study [27] . As such, when the forming angle is 35 • , the rolled parts showed a slight necking, and the maximum diameters difference was 1.02 mm. Therefore, a smaller forming angle is beneficial to the uniformity of diameters.
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The axial force αa F is larger at a larger forming angle. Similar conclusion was presented in Hu's study [27] . As such, when the forming angle is 35°, the rolled parts showed a slight necking, and the maximum diameters difference was 1.02 mm. Therefore, a smaller forming angle is beneficial to the uniformity of diameters. 
Central Quality
Central quality is another concern of the CWR process. Central cavity is a serious defect in the solid products of cross wedge rolling, which weakens the mechanical strength of the workpiece and eventually results in product failure [23] . Many works had been done to reveal the formation of central cavity during the CWR process. Fu and Dean [30] summed up the reasons as: (a) development of alternating stress and shear stress in the central region of the billet in a similar way to the Mannesmann effect; (b) accumulation of microfracture due to the loading cycle; (c) torsion between portion of different diameter in a workpiece; (d) large inclusions in the material. In this study, only a single step was rolled and no obvious torsion was found in the rolled parts. Therefore, central cavities were unlikely formed due to the torsion. Recently, most studies about the central cavity have been focused on the alternating stress cycle and shear stress [31] [32] [33] . It is believed that larger shear stress causes central cavities to initiate, grow and coalesce in a more serious way. The number of stress cycles has a same effect.
In order to observe the central quality, rolled parts were cut at the symmetry plane 5 by wire cutting, and then the cross sections were polished with abrasive paper. Figure 7 shows the central quality of various parameters.
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When α 20
=° and α 25 =°, at all the chosen stretching angles, the rolled parts have a central cavity. Obviously, the shape of cavities shows the morphology of shear damage. In the CWR process, the metal deformed in three directions: axial, radial and lateral. The axial and radial deformation are necessary, but the lateral deformation should be controlled which will cause a shear stress in the cross section. The shear stress is a main cause of central cavities.
As shown in Figure 8 , contact areas during CWR process can be simplified into two portions: A When α = 20 • and α = 25 • , at all the chosen stretching angles, the rolled parts have a central cavity. Obviously, the shape of cavities shows the morphology of shear damage. In the CWR process, the metal deformed in three directions: axial, radial and lateral. The axial and radial deformation are necessary, but the lateral deformation should be controlled which will cause a shear stress in the cross section. The shear stress is a main cause of central cavities.
As shown in Figure 8 , contact areas during CWR process can be simplified into two portions: A and B. Area A contacted with the top surface of the roller. Area B contacted with the side surface of the wedge shape dies. The metal under surface A was forced to flow in radial direction, but meanwhile, the metal was also prone to deform in a lateral direction. When the stretching angle increased, the area A increased, causing a more serious lateral deformation. Also, as the shear stress at the central area of the cross section increased, the central area was more prone to be damaged to form cavities.
Metals 2019, 9, 39 7 of 9 Figure 1 , the total length of the wedge type dies will decrease while the stretching angle increases. Taking α 25 =° as an example, when β 3 =°, the total length of the wedge type dies were 1303 mm, when β 7 =°, the total length decreased to 648 mm, with the differences being obvious. So, with a larger stretching angle, the whole deformation process was finished in a fewer cycles. This meant the action cycles of shear stress was fewer and the central area was less likely to be damaged. As such, the influence of shear stress and action cycles on the central damage was mutually weakened. Therefore, the influence of the stretching angle on central quality is not obvious. The influence of the forming angle on central quality is shown in Figure 7 . With the increase of the forming angle, the central damage got smaller, and when α 30 ≥°, no central damage was found. At β 7
=°, when α 20 =°, the workpiece has a cavity of about 2.9 mm 2 in area, when α 25 =°, the cavity decreases to about 1.4 mm 2 in area. No cavity was found when α 30 =° and α 35 =°. Along with the increase of forming angle, the area A was kept the same, but the shape of area B became steeper. This caused a larger axial force, which was good for the metal's axial deformation and the lateral deformation became smaller. Consequently, the shear stress at the cross section got smaller, and central cavities were less likely to be nucleated. Meanwhile, the rolling radius of the rolled part increased with the increase of the forming angle [34] , which caused the rolling cycles to decrease. The wedge type dies got shorter with a larger forming angle. When α 35 =°, the total length was 1215 mm, which is a little smaller than that of α 25
=°. As such, the cyclic number of shear deformation decreased [23] . Smaller shear stress and the less frequent cycles of shear stress led to a better central quality at a larger forming angle.
Conclusions
In this paper, a full permutation of three stretching angles and four forming angles was designed for the CWR forming of 21-4N. The influences of the stretching angle and forming angle on the surface quality and central quality were experimentally investigated. The following conclusions can be drawn:
(1) A larger stretching angle and smaller forming angle are good for the surface quality. When the stretching angle is 7° and forming angle is 20°, the surface quality reaches the best level. 
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